Abstract On 9 June 2009, an M bLg 2.8 earthquake shook Cleburne, Texas, a community not known to have previously experienced earthquakes. Over 50 small earthquakes followed by the end of December 2009. A temporary network of four and then five IRIS-Passcal broadband systems was deployed from June 2009 to June 2010, recording data that were used to locate 38 events with the most confident P-and S-arrival picks. Event locations were distributed along a 2 km long north-northeast trend. The location centroid was at 32.298°N, 97.372°W and at 3.6 km depth. This location is approximately 1.3 km from a saltwater disposal well that began injection in October 2007 and 3.2 km away from a second injection well that was active from September 2005 to late July 2009. Focal mechanisms estimated for the best-recorded events suggest a north-northeast-south-southwest-trending normal fault with a dip of ∼50°and a component of oblique motion (rake of ∼ − 80°). This average solution is generally consistent with the north-northeast-trending extensional faults that are prevalent across parts of Texas, Oklahoma, Louisiana, and Arkansas. Stress drops calculated from P and S spectra for seven different events ranged from 3.9 to 90 bars, with most estimates between 40 and 50 bars, typical values for intraplate earthquakes. Because there were no known previous earthquakes, and the located events were close to the two injection wells and near the injection depth, the possibility exists that earthquakes may be related to fluid injection.
Introduction
On 2 June 2009, a series of earthquakes began near Cleburne, Texas, an industrial city of 30,300 located in Johnson County, about 50 km south of Fort Worth. This area had no known history of seismicity and no known active faults. The largest event observed had a magnitude M bLg of 2.8, and there were numerous smaller events continuing at least through December 2010, some of which were felt locally. Based on felt reports from the 2 June events, a network of four and then five broadband seismometers was deployed around Cleburne and then modified as further activity was recorded. Fifty-four earthquakes were detected during the time when the instruments were present between June 2009 and June 2010.
By November 2010 the U.S. Geological Survey (USGS)'s National Earthquake Information Center (NEIC) had reported nine more events with M bLg between 2.0 and 2.8 and depths fixed at 5 km because of insufficient seismic station coverage above the hypocenter. The NEIC revised magnitude estimates from February 2012 are used in this paper.
A large portion of the Fort Worth basin, including Cleburne, Texas, is underlain by the Barnett Shale, a Mississippian age unconventional gas reservoir that was discovered in 1981 (Martineau, 2007) . Productive wells are located in 23 counties, including Johnson County where the earthquakes in this study occurred. As of 25 February 2010, there were 13,740 gas wells run by 246 operators. In 2009, there were a total of 136 injection wells and commercial saltwater disposal wells. Gas well production in the Barnett Shale totaled 1764 Bcf, or 26% of Texas production (Railroad Commission of Texas, 2009) for 2009. Previous investigations of recent seismicity in the Fort Worth basin have identified numerous small earthquakes occurring in close association with injection wells. The survey in Frohlich (2012) of 67 small earthquakes in the Fort Worth basin from 2009 to 2012 found that all the most reliably located events occurred in eight groups each situated within 3.2 km of active injection wells. During the study period, other seismic events ( Fig. 1 ) occurred 65 km to the northeast of Cleburne, near the Dallas/Fort Worth (DFW) airport (Frohlich et al., 2011) .
The present study not only investigates the Cleburne seismicity, but also its possible relationship to nearby injection wells. Two saltwater disposal wells are situated within a few kilometers of our preferred locations for the Cleburne earthquakes. The first saltwater disposal well (API 42-251-30299) commenced injection in September 2005 (Fig. 2) . The well depth is 3338 m and perforated between 3177 and 3278 m (Railroad Commission of Texas, 2007a) . It was 3.2 km from the average Cleburne earthquake location. Injection stopped on 31 July 2009 and in October 2009, four months after the first felt event, the well was voluntarily shutin. A seismometer (CLEI2, Table 1 ) was installed at this site in December 2009, producing data used in the subsequent location estimates. A second saltwater disposal well (API 42-251-31266) is 1.3 km from the average earthquake location and began injection in August 2007 (Fig. 2) . It has a depth of 3087 m and is perforated from 2397 to 3087 m (Railroad Commission of Texas, 2007b).
Data and Methods

Instrument Deployment
Beginning on 15 June 2009, Southern Methodist University (SMU) scientists deployed a local network of four PASSCAL supplied Quanterra Q330 digitizers and Güralp CMG-40T force feedback broadband seismometers sampling at 200 samples=s. The initial network sites were chosen based on felt reports and had an aperture less than 10 km (Fig. 1, Table 1 ). Compared with an earlier study in the DFW area, the Cleburne sites were relatively quiet, yet subject to some anthropogenic noise because they were near or around the city of Cleburne. Preliminary earthquake locations based on data from these instruments indicated that the seismic activity was occurring south of the network, so one Earthquake locations are plotted as circles, with triangles as the locations of temporary seismic stations. The mostly diagonal lines are faults as mapped by Ewing (1990) . The NEIC reported no earthquakes in this region before 31 October 2008. The color version of this figure is available only in the electronic edition. of the stations (CLEF3) was relocated to station CLERV south of the city, and another seismometer (CLELK) was added later (Table 1) . Station CLEI2 was added on 1 October 2009 at the site of the shut-in injector (API 42-251-30299).
Data Examples
Data were filtered between 1 and 5 Hz (Fig. 3) to focus on the frequency band with the maximum signal-to-noise level for event detection. Noise levels were especially low early in the deployment period. In addition to local earthquakes, the network also recorded signals from nearby quarry blasts. These events were distinguishable from earthquakes as they have strong, short-period surface waves arriving on the vertical channel after the S-wave arrival. Over 200 quarry blasts were detected on the network during the monitoring period based on these Rg criteria (Goforth and Bonner, 1995) .
Locations
Event hypocenter estimates were determined from Pand S-arrival times (Fig. 3 ) using a standard weighted leastsquares approach (Frohlich, 1993) . Each travel-time residual was weighted by a user-assigned quality factor based on signal-to-noise ratio and waveform character. Arrival times were measured and reported to the nearest sample point (1=200 s). Of the 54 detected events, locations were calculated for the 38 best-recorded events. The signal-to-noise ratio averaged about 40 in the 1-5 Hz frequency band.
The initial velocity model used for event location was based on a well report by The Geotechnical Corporation (1964) for the Trigg No. 1 well in Dallas County. Although the well location is over 60 km to the north of Cleburne, the crustal structures at the two locations in the Fort Worth basin are similar and provide a starting place for the investigation. The 1D velocity model developed from the Trigg No. 1 consisted of a single layer over a half-space. The P velocity in the 2.37 km thick surface layer was 3:54 km=s and 5:85 km=s in the half-space, with a V P =V S ratio of 1.8. The surface layer is primarily Pennsylvanian, and the half-space represents the Ordovician Ellenburger formation.
Based on proprietary data from the Cleburne area, a 500 m low-velocity surface layer (V P 2:75 km=s) was added. Locations using this second model (Fig. 4 ) moved about 300 m to the northwest and 310 m upward from those estimated using the initial velocity model. Ⓔ A full listing of these locations is found in Table S1 in the electronic supplement to this article.
Estimated event locations are slightly spatially scattered despite the similarity of waveforms partly due to the changing station configuration over time. Events farthest to the north (shown by plus symbols in Fig. 4 ) had the poorest station coverage, reflecting the initial station distribution, and the largest azimuthal gap. As stations were added or moved to surround the events, the epicentral locations moved southward; however, there is overlap among events detected with early and late station configurations. The mean event epicenter, using all network configurations, was 32.298°N, 97.372°W. This is 1.3 and 3.2 km, respectively, from the two injection wells. The average formal standard error is 0.04 km but does not account for errors introduced by the assumed 1D velocity model. Depths ranged from 1.62 to 4.97 km with an average of 3.55 km.
To better assess the spatial distribution of the activity, locations for 21 events were also calculated relative to a well-located master event at 32.293°N, 97.372°W with a depth of 3.85 km (Fig. 5) . Ⓔ A full listing of these relative locations is given in Table S2 in the electronic supplement. Stations CLEF1, CLERV, and CLELK were used for the relative relocations based on their good station geometry. This method assumes that travel-time residuals are a result of relative changes between the source and receiver locations. Therefore, if events originate from a common area, the travel-time model and residuals will be similar from event to event (Havskov and Ottemoller, 2010) , and the residuals for the master event may be treated as station corrections. As with the previous locations, the relative locations for the Cleburne events (Fig. 5) show no tendency to migrate over time. Events occurred along a roughly linear north-south trend within an approximately 300 m thick zone centered at a depth of about 3.85 km. Assuming that these locations are accurate and that they occur a dipping fault approximately 45°to the east or west, the dimensions of the fault surface would be 450 m by 1500 m with an estimated fault area of 0:68 km 2 .
Earthquake Size
There is no accepted local magnitude scale for earthquakes in this part of Texas. For this study, we determined the relative source size using the logarithm of the amplitude of the earthquake signal recorded on the HHE component of station CLEF1 ( tagons; circles, earthquakes; and asterisks, injection disposal wells. Events located using data from the initial four stations (plus symbols) are more northward. Events locations using the final network configuration (circles) should be more reliable because stations surrounded the events. Note that locations form an approximate north-south trend about 2 km long, with a saltwater disposal well (API 42-251-31266) situated about 1.3 km from the trend. signal to noise (Fig. 3 ). S-P times were similar for all the detected events at this station consistent with the same source to station distance for all events.
This relative scale was subsequently calibrated against M bLg using the four events that were assigned regional magnitudes by the NEIC. In order to estimate the relative distribution of earthquakes as a function of magnitude, the log of the cumulative number of events at a given log amplitude or greater is plotted against the log amplitude at CLEF1 with the M LgGS calibration shown. This result suggests that event magnitudes detected by the local array range from approximately M bLg 0.0 to 2.5. The largest Cleburne earthquake, an M bLg 2.8, preceded deployment of the local network. Aki's method (Aki, 1965) was used to estimate the b-value for these data. Log amplitudes were used instead of magnitudes because a local magnitude scale was not absolutely constrained.
A threshold log amplitude of 3.08 (∼M bLg 0:9) was chosen as the data suggest that events below this threshold may not be completely sampled based on the decrease in the slope of the Gutenberg-Richter plot (Fig. 6) . The mean log amplitude of all events greater than or equal to the threshold was 3.61 (∼M bLg ≤ 1:4). A b-value of 0.82 was estimated from the observations.
Focal Mechanisms
Focal plane solutions for the Cleburne earthquakes were calculated using the program FOCMEC (Snoke, 2009 ) which calculates the range of possible double-couple earthquake focal mechanisms consistent with P, SV, or SH polarities and/or amplitude ratios (SV=P, SH=P, SV=SH) (Kisslinger, 1980) . FOCMEC was developed for local to regional events for which determining moment tensors from waveform modeling may be difficult.
Five of the well-recorded and better-located earthquakes, all having magnitudes smaller than 2.0, were chosen for fault plane estimation ( Fig. 7 and Ⓔ Table S1 available in electronic supplement). These events encompass three different seismic network configurations. Event 189 (numbered by Julian day) had data from stations CLEA1, CLEF1, CLEF2, and CLEF3; event 201 from CLEA1, CLEF1, CLEF2, and CLERV; and events 253, 281, and 316 from stations CLEA1, CLEF2, CLEF2, CLERV, and CLELK. Horizontalcomponent seismograms were rotated into radial (SV) and transverse (SH) components for determining polarities and amplitudes ratios. The SH=P ratio was used because the SV peaks and troughs were harder to identify. Snoke (2009) notes that any amplitude ratio can be calculated from one of the other two, because they are dependent on one another.
Three of the events (201, 281, and 316) produced bestfitting focal mechanisms that were relatively unambiguous. The two events that were most consistent, 281 and 316, produced predominantly normal-faulting mechanisms with one north-northeast-south-southwest plane as illustrated in Figure 7 . Focal plane estimates for event 201 produced a predominantly strike-slip mechanism with one northeastsouthwest-trending nodal plane. For events 253 and 189, there was ambiguity in the solutions as two dissimilar families of mechanisms fit the data. Ⓔ The complete distribution of fault plane solutions for all the events is summarized in Figure S1 found in the electronic supplement. Strikes and 316 are shown relative to the station distribution. Ⓔ A summary of all the focal solutions found in this study is given in Figure S1 in the electronic supplement to this article. between 0°and 90°(northeast) and between 180°and 225°( south-southwest) predominate. Strikes 180°apart are unique solutions because the convention is for the strike direction to be toward the left when facing downdip. Dips from 40°t o 60°predominate. Rakes between 90 and 50 are most common. A negative rake indicates a normal (extensional) fault. A negative rake other than 90 suggests an oblique component of fault motion. Thus both the two best solutions in Figure 7 and the overall distribution of solutions in Ⓔ Figure S1 (available in the electronic supplement to this article) are consistent with the strike of the fault estimated from the locations and the regional stress field.
Kinematic Source Parameters
Kinematic source parameters describe an earthquake in terms of its intrinsic characteristics such as scalar moment M 0 , fault slip S, fault area A, stress drop Δσ, and seismic energy E 0 , often based on the Brune model (Brune, 1970) .
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In this representation, Sf is the displacement spectra, f c is the source corner frequency, and c and ρ are the velocity and density at the source, respectively, R is the sourcestation distance, and F is a double-couple radiation coefficient. At low frequencies the displacement spectrum is flat, that is, S0 Ω 0 a constant; at high frequencies, the spectrum decays as f 2 . This component of the analysis estimated source parameters for seven earthquakes (see Ⓔ Table S1 , available in electronic supplement) in the time domain using the method of Urbancic et al. (1996) . This method relies on calculating the integral of the squared velocity time history (S V2 ) and the squared displacement time history (S D2 ) from P and S waves. Trifu et al. (2000) corrected the original equations for S V2 and S D2 , which had an extraneous coefficient of two outside the integral. The correct equations are
S V2 and S D2 can be estimated from the P, SV, and SH wave trains at each of the five recording stations; thus, for some events there were 15 separate estimates for each source parameter. The P-wave train was analyzed on the vertical channel and extended from the P first motion to the onset of the S wave. For analysis of S, east and north seismograms were rotated into SV and SH, with S-wave trains starting at the onset of S and extending to twice the S-wave travel time.
The Urbancic et al. (1996) 
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The double-couple radiation coefficient, F, was taken as 0.52 for P waves and 0.63 for S (Boore and Boatwright, 1984) . The density ρ was 2:68 g=cm 3 based on Trigg Well No. 1 data (Geotechnical Corporation, 1964) . The source velocities c P and c S used were those of the half-space in our velocity model with a P velocity of 5:85 km=s and a P-to-S velocity ratio of 1.8. K is a constant, 2.01 for P and 1.32 for S. Note that r 0 is cubed in the equation for stress drop, so errors in corner frequency f c and hence r 0 greatly affect estimates of stress drop Δσ. Fortunately, for individual earthquakes, the ratios of S V2 to S D2 were not highly variable when determined using data from P, SH, or SV at the different stations.
Mean estimates for f c ranged between 3 and 18 Hz, well within the frequency band with good frequency-to-noise ratios. Corner frequency estimates based on P were noticeably larger (7-26 Hz) than those based on SV and SH (1.2-9.3 Hz), because the corner frequency reflects the source dimension as coupled through the appropriate S-or P-wave velocity (Table 2) .
Mean estimates for moment M 0 (P, SV, SH combined) were between 2:0 × 10 19 and 2:7 × 10 20 dyn·cm for the seven events (Fig. 8a) . The variance in the moment estimates does not appear to correlate with M 0 , nor were there significant differences in M 0 as determined from P, SV, and SH signals. The estimates of source radius r 0 ranged from 39 to 563 m with most estimates between 75 and 200 m. Average estimates of stress drop Δσ (P, SV, SH combined) ranged between 5:5 × 10 5 and 128 × 10 8 dyn·cm −2 , or 5.5 and 128 bars (Fig. 8b) , with the overall average for all estimates of 43.4 bars, in accord with estimates for intraplate earthquakes (Kanamori and Anderson, 1975) .
We calculated moment magnitudes M w based on the relation M w 2 3 log M 0 − 10:7
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and compared these ( Fig. 9 ) with the M bLg magnitudes, as calibrated from USGS reports and the pseudomagnitude scale (Fig. 6 ) that we developed. The best-fitting relationship was M w 0:5M bLg 1:6:
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Discussion
The lack of previous felt seismicity in the Cleburne area, the active recovery of natural gas in the area associated with the Barnett Shale, and the nearby location of wastewater injection wells motivated an investigation of these earthquakes and their characteristics in order to assess if there was any relationship to human activities. In the case of the nearby earthquakes at DFW airport, a plausible linkage was found between the disposal of the wastewater and the subsequent earthquakes in the region (Frohlich et al., 2011) . A more comprehensive study of local seismicity throughout the Fort Worth basin (Frohlich, 2012) using USArray data to detect and locate events across the basin concludes that there may be a number of locations where small earthquakes are occurring near wastewater injectors. As a result of these previous calculated from source spectra and Lg magnitudes, as calibrated from USGS reports and the pseudomagnitude scale in Figure 6 . Data points are based on average P, SV, and SH estimates for M w across all stations. studies, the details of the Cleburne earthquake sequence are investigated pursuant of a possible relationship to the disposal of fluids at depth (Howe, 2012) .
Earthquake Timing
The temporal distribution of the Cleburne earthquakes was different from that of the DFW earthquakes (Frohlich et al., 2011) . The DFW events occurred in rapid bursts, with as many as 30 events in a single day with intervening periods of relative quiescence as long as 30 days. In the Cleburne sequence, by comparison, there were at most five earthquakes in a single day (Fig. 10) . Many days had only one earthquake, while intervening weeks had no events. The earthquakes tapered off significantly after December 2009 with no events detected between January 2010 and June 2010 when the SMU network was removed. Subsequently, one additional event was reported by the USGS in November 2010.
Earthquake Size Distribution
As previously discussed, Aki's method yielded a bvalue estimate of 0.82 for this sequence. An average b-value for tectonic earthquakes is 0.95 with a range from 0.94 to 0.30 (Shi and Bolt, 1982) . Earthquake sequences associated with hydrofracture have been found to be enriched in the relative number of small magnitude events as reported by Fehler and Phillips (1991) . In their study, b-values were estimated as 1.5 using a borehole seismometer and 1.9 with a surface seismometer. These values are much larger than those found for the Cleburne sequence.
Location
Event locations cluster along a north to north-northeast trend with a total linear extent of approximately 2 km (Figs. 4  and 5 ). This linear trend is consistent with the kinematic estimates of fault length for individual events like those documented in Table 2 and may represent the fault on which the earthquakes occurred. The north to north-northeast trend is also comparable with the trend of many known faults in Texas, Oklahoma, and Louisiana (Ewing, 1990) as well as the orientation of current stress field that supports normal faulting motion along faults that trend northeast-southwest (Sullivan et al., 2006; Tingay et al., 2006) . Although the orientation of the fault estimated by the locations departs slightly from the mapped faults in the region as documented in Figure 1 , the departure is small and may reflect local variations in strike within the region.
The two injection wells that are near these epicenters (Fig. 4) are reported to inject into the Ellenburger limestone. It is possible that as a result of these fluid injections the pore pressure changes may migrate outside of the immediate vicinity of the well to trigger fault slip (Evans, 1966; Herrmann et al., 1981) by changing the effective stress on an existing fault surface. The range of estimated earthquake depths (1.62-4.97 km) encompasses the injection intervals of both disposal wells (API 42-251-30299, 3.18-3.28 km; API 42-251-31266. 2.40-3.09 km).
It is well known that earthquake locations using local data can depart from those employing regional data, especially in the estimation of source depth. This difference was found in this study as documented with the M bLg 2.0 event on 10 July 2009 where a difference in 7 km at the surface and 1 km in depth was found. USGS seismic stations are widely spaced at regional distances and thus subject to larger uncertainty and bias in their locations.
Source Mechanism and Kinematics
Prior to any calculation of local focal mechanisms, the fault inferred from the Cleburne earthquakes based on an understanding of local geology, faults, and stress regime was believed to be an extensional fault striking approximately northeast-southwest with a dip of 45°-60° (Fig. 1) . This estimate is based on the type and trend of faults most prevalent in the area (Sullivan et al., 2006; Tingay et al., 2006) and is close to the observed north to north-northeast trend of earthquake locations in this study. The focal mechanism solutions discussed earlier are consistent with this geologic expectation.
The source parameters calculated for seven of the Cleburne events yielded a quantitative understanding of their size and character. Average seismic-moment estimates for the seven events (P, SV, and SH combined) ranged from ∼2:0 × 10 19 to ∼2:7 × 10 20 dyn·cm and corner frequency estimates led to source radii from 39 to 563 m. Stress drop is inversely proportional to the cube of corner frequency. Average stress drop estimates for the events (P, SV, and SH combined) ranged from 5.5 to 128 bars, with the average for all estimates being 43.4 bars. Stress drops around 30 bars are common for small intraplate earthquakes (Kanamori and Anderson, 1975) . These values all confirm the moderate size of the earthquakes (M w ≤ 2:9).
Implications
There were no felt earthquakes in Cleburne until the event on 2 June 2009 that was detected and located by the USGS. Wastewater injection began in 2005 at the northern well and in 2007 at the southern well (Fig. 2) well before the initiation of felt earthquakes. Although wastewater disposal may be linked to the Cleburne earthquakes, there has been no evidence that hydrofracturing, drilling, or natural gas production played any role in the events based on event timing, size distribution, and kinematics. Microearthquakes caused by hydrofracture occur only around the well while it is being fracked and are very rarely large enough to be felt. Wastewater injection, on the other hand, has triggered felt earthquakes in other areas (Evans, 1966; Davis and Pennington, 1989; Seeber et al., 2004; Horton, 2012) . The Cleburne earthquakes were located within 1-3 km of injection wellsnot near other types of production activity. Additionally, there was no historical seismicity in the region prior to the onset of the DFW earthquakes (Frohlich et al., 2011) on 31 October 2008; these earthquakes are also located close to an injection well. Davis and Frohlich (1993) proposed seven criteria to help assess whether fluid injection may have caused earthquake activity (Table 3) . Answers for the Cleburne sequence are "yes" to four of the seven questions based on our analysis. Answers to two of the additional three questions cannot yet be determined. The Cleburne events did appear to be the first known earthquakes of this character in the region (Question 1). Question 2 (Is there a clear correlation between injection and seismicity?) was answered "no" because injection started in 2005 and 2007, yet no felt earthquakes occurred until 2009. One of the injectors was shut-in in July 2009, yet felt events continued for months. Injection at the well closer to the earthquake locations continued in 2010 with increased yet modest fluid volumes, but no more events were felt. Questions 3 and 4 were answered "yes" because the events did occur within 5 km of an injection well and at or near their injection intervals. Question 5 was answered "yes" based on the observation that the wells are injecting into the Ellenburger limestone, which is known to be karsted so could facilitate fluid flow and distribution. The lack of fluid pressure data available to this study precluded answers to the remaining two questions. Such data might help resolve the relationship between the seismicity and the fluid disposal.
Zoback (2012) made a series of recommendations to reduce the probability of triggering seismicity when injecting into the subsurface. First, he suggests avoiding injection into faults. Injection wells are often reclaimed vertical wells that may have been drilled near a fault serving as a trap for hydrocarbons and as such may not be suitable for injection. Faults oriented with the ambient stress field are more likely to have triggered earthquakes. The Cleburne events are located near two injectors and their locations provide evidence that there is a nearby subsurface fault. The actual depth and extent is estimated from the earthquake locations and subsequent kinematic source analysis. Subsurface imagery might help further resolve near-surface faults.
The second recommendation is to minimize pore pressure changes at depth. In the case of the Cleburne disposal wells, injection occurs into the karsted Ellenburger limestone, where one would expect adequate fluid flow to prevent excessive pressure buildup. A detailed reservoir analysis would help quantify these effects. It is interesting to note that the injector with the largest volumes by over a factor of 3 was nearly 3.2 km away from the earthquake activity. The felt earthquakes started a number of years after the initiation of the injector and between 6 and 8 months after the injection volumes were nearly doubled. Additionally, the earthquake sequence decreased significantly six months after this injector was shut-in while the closer injector continued to operate but with significantly smaller volumes of fluids. Bottom hole injection pressures would help assess any relationship that might exist between the injected fluids and the earthquakes.
Third, Zoback proposes increasing the number of seismic monitoring arrays in order to map faults that might cause earthquakes. In the case of Cleburne, the seismic stations were added within two weeks of the first felt earthquake and provided documentation of the subsequent sequence. These stations were able to refine the event locations and better constrain the source depth. Additionally, the local stations provided the ability to estimate faulting parameters that were found to be consistent with not only the regional stress field, but also the known orientation of faults in the region. The fourth recommendation is that industry-wide protocols are needed to identify when to cut back injection once seismicity has occurred. Finally, Zoback recommends the obvious: stop injecting and abandon the well if the seismicity persists or if a fault capable of producing damaging earthquakes becomes apparent. One of the two injectors in this area was shut-in following the initiation of observed seismicity. This injector had the largest volumes in the region despite being farther from the estimated locations of the earthquakes. The seismicity decreased significantly about six months after this injector was shut-in. The second injector continued to operate but with lower volumes after the seismicity decreased.
The Cleburne earthquakes occurred close to two injection wells that were active at the onset of the sequence and in an area with no historical seismicity. The depth estimates of the events overlap with the injection intervals of the two wells. If the events were induced, fluid injection likely accommodated multiple episodes of small slip on a favorably oriented fault. The event locations in space and time, the characterization of the orientation of faulting, as well as the kinematic source estimates are all consistent with small earthquakes occurring along a buried fault with an orientation that corresponds to the current state of stress in the region. The spatial proximity of these events to two injector wells makes it difficult to rule out some causative effect. The delay time between the initiation of injection and the first felt report is difficult to assess without seismic monitoring records prior to June 2009. Additional subsurface information specific to this location similar to that recommended in the recent report by Zoback might provide a basis for further assessing the relationship between these earthquakes and nearby waste water injection wells. The events in this sequence were small but demonstrate the sensitivity of people to earthquakes in regions that have not historically experienced them.
Data and Resources
All data originated in this study.
